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ABSTRACT
Context. The location of young sources in the Galaxy suggests a four-armed spiral structure, whereas tangential points of spiral arms
observed in the integrated light at infrared and radio wavelengths indicate that only two arms are massive.
Aims. Variable extinction in the Galactic plane and high light-to-mass ratios of young sources make it difficult to judge the total mass
associated with the arms outlined by such tracers. The current objective is to estimate the mass associated with the Sagittarius arm by
means of the kinematics of the stars across it.
Methods. Spectra of 1726 candidate B- and A-type stars within 3◦ of the Galactic center (GC) were obtained with the FLAMES
instrument at the VLT with a resolution of ≈6000 in the spectral range of 396–457 nm. Radial velocities were derived by least-squares
fits of the spectra to synthetic ones. The final sample was limited to 1507 stars with either Gaia DR2 parallaxes or main-sequence
B-type stars having reliable spectroscopic distances.
Results. The solar peculiar motion in the direction of the GC relative to the local standard of rest (LSR) was estimated to U =
10.7±1.3 km sec−1. The variation in the median radial velocity relative to the LSR as a function of distance from the sun shows a
gradual increase from slightly negative values near the sun to almost 5 km sec−1 at a distance of around 4 kpc. A sinusoidal function
with an amplitude of 3.4 ± 1.3 km sec−1 and a maximum at 4.0 ± 0.6 kpc inside the sun is the best fit to the data. A positive median
radial velocity relative to the LSR around 1.8 kpc, the expected distance to the Sagittarius arm, can be excluded at a 99% level of
confidence. A marginal peak detected at this distance may be associated with stellar streams in the star-forming regions, but it is too
narrow to be associated with a major arm feature.
Conclusions. A comparison with test-particle simulations in a fixed galactic potential with an imposed spiral pattern shows the best
agreement with a two-armed spiral potential having the Scutum–Crux arm as the next major inner arm. A relative radial forcing
dFr≈ 1.5% and a pattern speed in the range of 20–30 km sec−1 kpc−1 yield the best fit. The lack of a positive velocity perturbation in
the region around the Sagittarius arm excludes it from being a major arm. Thus, the main spiral potential of the Galaxy is two-armed,
while the Sagittarius arm is an inter-arm feature with only a small mass perturbation associated with it.
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1. Introduction
The first evidence of spiral structure in the Milky Way was pre-
sented in the 1950s; it was obtained from optical observations
of early-type stars first, and from H i surveys shortly thereafter
(see Gingerich 1985; Carraro 2015). Both techniques have sev-
eral well-known disadvantages, yet they were extensively used
in the past, and nowadays there are even claims that the issue of
the spiral structure of our Galaxy has been solved (Hou & Han
2014). While optical observations are limited by the extinction
problem, H i surveys suffer from the inability to derive reliable
distances from radial velocity, and from the fact that H i is al-
most evenly distributed across the Galactic disk (Liszt 1985).
Traditionally, long-wavelength observations depict a two-armed
Milky Way, while optical observations favor a four-armed Milky
Way. Recent, extensive mapping of young objects (e.g., OB-
associations, H ii-regions, and young clusters) were presented by
Send offprint requests to: P. Grosbøl
? Based on observations collected at the European Southern Obser-
vatory, Chile (ESO programme 097.B-00245, 099.B-0697)
?? The catalog of radial velocities is only available in electronic form
at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or
via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/
Russeil (2003) and revealed indications of a four-armed spiral
structure. On the contrary, the tangent associated with the Sagit-
tarius arm observed in near-infrared bands shows no significant
increase in integrated intensity (Drimmel 2000). This suggests
that little mass is associated with this arm, as near-infrared sur-
face brightness is well correlated to stellar mass density, and that
the Galaxy has a two-armed structure with Scutum–Crux as the
next major arm inside the sun.
These two scenarios need not contradict each other as sec-
ondary shocks in the gas can be produced by a two-armed spiral
perturbation (Yáñez et al. 2008) leading to increased star for-
mation between the major arms. A four-armed gas spiral may
also be excited by the Galactic bar (Englmaier & Gerhard 1999,
2006). For external spiral galaxies, the appearance in the near-
infrared is much smoother with weaker inter-arm features than
on visual images (Block et al. 1994; Grosbøl & Patsis 1998; Es-
kridge et al. 2002) as the former emphasizes the cold stellar disk
population and therefore the surface density of the disks.
The structure of star-forming regions is important, but the
shape of the spiral potential is essential for the dynamics of the
Galaxy. The high light-to-mass ratio of young objects makes it
very difficult to deduce the mass distribution from them. A more
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Table 1. Summary of VLT/FLAMES observations.
Field lII bII MJD nt np
GCF-01 -0◦.09275 -0◦.34095 57529d.41204 115 49
GCF-02 0◦.06288 -0◦.90142 57566d.31329 114 36
GCF-03 -0◦.30632 -1◦.16001 57622d.14238 110 38
GCF-04 -0◦.79643 -1◦.41936 57622d.18496 108 46
GCF-14 0◦.51068 -0◦.81578 57633d.11230 113 48
GCT-17 -1◦.22128 1◦.46380 57882d.17536 113 27
GCT-01 0◦.78438 -1◦.27567 57889d.25226 118 54
GCT-04 0◦.22818 -0◦.62989 57889d.29519 113 50
GCT-08 0◦.27198 -1◦.58277 57889d.33549 118 41
GCT-25 -0◦.50220 -2◦.22001 57889d.37677 119 41
GCT-22 -2◦.71804 0◦.79060 57890d.21737 119 20
GCT-28 -2◦.29749 1◦.18844 57890d.25625 113 17
GCT-07 -0◦.17626 -0◦.61435 57890d.29912 116 40
GCT-11 -0◦.14420 -1◦.77122 57890d.33841 118 35
GCT-12 0◦.74070 -1◦.65106 57890d.37711 119 35
direct method of estimating the mass variation associated with
nearby spiral arms is star counts of a well-defined stellar popu-
lation as a function of the distance from the sun. This was done
for the Perseus arm in the anti-center direction using early-type
stars for which individual distances can be determined (Monguió
et al. 2015). For the Sagittarius arm, the high and patchy ex-
tinction toward the Galactic center (GC) makes it impossible to
conduct a reliable star count. The potential perturbation can also
be evaluated by measuring the velocity field of a relaxed stellar
population across arms. One concern for very young stars is that
they may not be fully dynamically relaxed and still be biased by
their initial velocity. An unbiased, random sample of velocities
of a well-defined stellar population allows an estimate of the per-
turbation independent of the high, patchy extinction toward the
GC assuming that they are uncorrelated.
The current paper studies the variations in radial velocities
as a function of distance for a sample of late B- and A-stars to-
ward the GC with the aim of determining a velocity perturbation
associated with the Sagittarius arm. The sample is described in
Sect. 2 where the observations are detailed as well. The next sec-
tion presents the reduction of the data and the derivation of in-
dividual radial velocities and distances for the sources. Possible
models for the spiral potential in the Milky Way is discussed in
Sect. 4, while the conclusions are given in Sect. 5.
2. Targets and observations
Velocity variations across arms in grand-design spirals measured
in H i are on the order of 10 km sec−1 (see, e.g., Visser 1980a,b
for M81). This sets an upper limit for the expected velocity
change of a stellar population since its response to a potential
perturbation decreases with higher velocity dispersion (Lin et al.
1969; Shu 1970; Mark 1976). A velocity variation with this am-
plitude is easier to detect in a population with an intrinsic low-
velocity dispersion, such as stars with ages of less than 2 Gyr (Yu
& Liu 2018). The population should also be old enough to be dy-
namically relaxed in the Galactic potential that required several
encounters with the spiral perturbations, i.e., at least 300 Myr.
Thus, late B- and A-stars are the best populations for the study
of the effects of the spiral potential on the stellar velocity field.
Selecting targets towards the GC, we can avoid any significant
influence of the Galactic differential rotation on the measured
Fig. 1. Distribution of sources as a function of their effective tempera-
ture Teff . The upper diagram gives the histogram of sources while the
lower one shows the signal-to-noise ratio (S/N) both in logarithmic
scale.
velocity variation, which outweighs other issues like crowding
and high extinction.
The velocity dispersion of B- and A-stars in the solar neigh-
borhood is around 20 km sec−1 (Yu & Liu 2018) which indicates
that a sample of several hundred sources is required for a 5σ
detection of an average velocity perturbation of 5–10 km sec−1.
A critical point for distinguishing between a two- or four-armed
spiral potential in the Milky Way is the velocity perturbation as-
sociated with the Sagittarius arm, which is located 1.8 kpc inside
the solar radius in the direction toward the GC (Reid et al. 2014;
Wu et al. 2014) corresponding to a distance modulus of 11m. A
sample of early-type stars with B<15m should include sources
beyond the Sagittarius arm, even with visual extinctions in the
range of 5m.
Due to the high extinction toward the GC, it is difficult to
select B- and A-stars based on their colors since nearby late-
type stars have colors similar to highly reddened early-type
stars. Therefore, the prime targets were taken from the cata-
log of early-type stars by Grosbøl (2016) based on objective
prism observations. The positional errors of this catalog (i.e.,
σα ≈ 1′′, σδ ≈ 6′′) did not allow a direct cross-match with other
catalogs, due to the high stellar density toward the GC. Selecting
sources from VVV (Saito et al. 2012) with the reddening cor-
rected color index Q = (H − K) − 0.563 × (J − H) (Indebetouw
et al. 2005) matching early-type stars (i.e. −0m.1 < Q < 0m.1)
and Ks<14m, the density was reduced enough to secure a unique
matching of the targets.
The most efficient facility for observing spectra of the can-
didates was the FLAMES instrument (Pasquini et al. 2002) at
the ESO/VLT, which in its GIRAFFE/MEDUSA mode offers
130 fibers with a 1′′.2 diameter in a circular field with a ra-
dius of 15′. A total of 15 fields were defined selecting the area
with the highest density of prime targets, yielding 17–54 sources
per field. Additional candidates were selected for the remaining
fibers by picking VVV sources with reddening corrected colors
corresponding to early-type stars and estimated blue magnitudes
B<15m.
Five FLAMES/GIRAF fields were observed in 2016 (i.e.,
ESO P97) for which VVV positions were used to center the
fibers, leading to some errors due to the differences in epoch.
The observations of the ten remaining fields were done in 2017
for which Gaia DR1 positions (Gaia Collaboration et al. 2016b,a;
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Fig. 2. Distances from Gaia DR2 parallaxes as a function of
the distances determined from the spectra observed for stars with
4.0<log(Teff). Stars with log(g) < 3.5 are indicated by crosses.
Arenou et al. 2017) were adopted, which significantly improved
the centering and thereby their signal-to-noise ratio (S/N) for
the same apparent magnitude. The LR2 grating was used with
a spectral resolution R = 6000 in the range of λ = 396–456 nm.
The observations are summarized in Table 1, which lists the
15 fields with their Galactic coordinates (lII,bII) and the Modi-
fied Julian Date (MJD) of their mean exposure. The total num-
ber of fibers allocated, nt, is also given including the fibers used
for prime targets, np. For each field, 7–16 fibers were allocated
to sky positions with no stars visible on the Digital Sky Sur-
vey 2 images using Aladin (Bonnarel et al. 2000). Four expo-
sures of 660 sec duration (in P97 only 600 sec) were made of
each field to allow for removal of cosmic ray events and extend
the dynamic range. The observations were conducted in service
mode and yielded a total of 1726 spectra of which 1505 had a
S/N higher than 10. The seeing was in the range of 0.8–1.4′′,
while the sky conditions were specified to allow for thin clouds.
A cross-matching based on positions gave 1635 sources with
Ks-magnitudes in the VVV catalog, while 1608 were listed in
the Gaia DR2 catalog with parallaxes (Gaia Collaboration et al.
2018a).
3. Radial velocities and distances
The basic reductions including flat-fielding and wavelength cal-
ibration were done via the standard ESO pipeline (Giraf/2.16.1)
as processed by the observatory. For each field, the four ex-
posures were averaged after outliers (e.g., cosmic ray events)
were removed with a median filter. The spectra were normal-
ized to the continuum estimated by fitting a low-order poly-
nomial to the median values of sections with a few spectrum
lines. Radial velocities were derived by matching the spectra
with model grids of synthetic spectra performing both a cross-
correlation and least-squares fitting. The synthetic spectra were
smoothed with a Gaussian filter and rebinned to match the ob-
served spectra. In addition, a high-pass filter was applied to both
synthetic and observed spectra to reduce biases due to errors in
the normalization. The least-squares fits were preferred as they
are less biased by the Balmer lines than the cross-correlation es-
timates. The spectral range for the comparison was limited to
Fig. 3. Near-infrared extinction A(Ks) and barycentric radial velocity Vr
as a function of distance d from the Sun.
399–454 nm as the spectra did not fully include the H line. In
addition to the fit to this range, five subsections of the spectra
were used including two centered on the Balmer lines and three
in the regions in between. This allowed us to verify whether
the velocities estimated from the Balmer lines and metal lines
were consistent. The weighted mean of these five estimates was
adopted as the radial velocity after which the barycentric correc-
tion was added. Several grids were applied, such as the POLLUX
(Palacios et al. 2010), UVBLUE (Rodríguez-Merino et al. 2005),
and PHOENIX databases (Husser et al. 2013). Since no signifi-
cant differences between these grids were found, the UVBLUE
database was used as it provides a finer mesh. Due to the metal-
licity gradient in the Galactic disk, it is expected that stars in-
side the solar radius have higher metallicities than the sun. Grids
with [M/H]=0.3 were adopted since models with higher metal-
licities gave worse fits. In addition to radial velocity, effective
temperature Teff and surface gravity g for the individual stars
were estimated through the least-squares fitting. The distribu-
tion of sources is shown in Fig. 1 as a function of their effective
temperature Teff . The surface gravity could only be determined
reliably for stars with log(Teff)>4.0 for which Balmer and He i
lines are sensitive to g. Typical errors for the radial velocities
are 3 km sec−1 for stars with log(Teff)>3.9, while for cooler stars
they increase to around 5 km sec−1.
Since many sources were selected based on their near-
infrared colors, the sample includes more than 100 late-type
stars (see Fig. 1) with Teff in the range in which the Gaia DR2
database (Gaia Collaboration et al. 2018a) provides radial ve-
locities. A total of 63 common sources with both Gaia and
FLAMES radial velocities were identified. A linear regression
gave VGaiar = 2.5± 1.4 + 0.997± 0.038×Vr. The velocities mea-
sured were corrected for this offset by adding 2.5 km sec−1.
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Absolute magnitudes and intrinsic colors for the sources
were obtained from the Padova evolutionary tracks (Bressan
et al. 2012; Marigo et al. 2017) using the Teff and g values de-
rived. Models with metallicity Z=0.03 were adopted. The VISTA
filters were used as the best proxy for the VVV color system. The
color index (Z-H) was used to obtain the largest wavelength dif-
ference of the bands while omitting Ks, which may be affected
by Brγ emission. Extinctions were derived from the intrinsic col-
ors using an extinction law λ−β with β = 1.517 (Schlafly &
Finkbeiner 2011) yielding the excess E(Z-H) = 0.302 A(V) =
2.364 A(Ks). Distances were calculated from the Ks-band col-
ors applying the A(Ks) extinction correction when positive. The
1′′ aperture VVV magnitudes were used in order to reduce the
contamination from nearby stars in the very crowded fields.
Although only five sources show clear double line profiles in
their Balmer lines, we must assume that a large fraction of the
sources are multiple-star systems (Duchêne & Kraus 2013). In
the worst-case scenario where all systems are binaries with equal
luminosity, the spectroscopic distances should be increased by
40%. In a more realistic case, the correct distances would be 10–
20% longer and potential features in the velocities as a function
of distance would be smoothed.
The near-infrared extinction A(Ks) as a function of distance
from the sun, d, is shown in Fig. 3 where the median values
in radial bins of 0.5 kpc are also indicated with corresponding
error bars. The extinction displays a large scatter, but its median
increases to a distance of nearly 1.4 kpc, after which it remains
nearly constant. The flat behavior at larger distances is likely a
selection effect as only sources with a low extinction will appear
in the current magnitude-limited sample. A second rise in the
extinction at a distance of 4.3 kpc is suggested. Both of these
step-wise increases may be caused by the star-forming regions
in the arms.
Of the 1608 sources with Gaia parallaxes, 469 stars have reli-
able log(g) estimates (i.e., log(Teff)> 4.0) and therefore spectro-
scopic distances. These distances are, in general, consistent with
the parallaxes (see Fig. 2) except for two groups of stars. One
group with around 60 stars has significantly shorter distances
than given by the Gaia parallaxes, likely caused by multiple-star
systems. This group has on average larger errors which may be
due to their multiplicity. Another set of almost 80 stars has much
larger spectroscopic distances as the spectral fits suggested that
they were giants, i.e., log(g) < 3.5. Distances calculated from
the Gaia DR2 parallaxes were adopted for 1484 sources with
parallaxes larger than 3.0 times their error. The error distribu-
tion of distances is skewed to longer distances assuming Gaus-
sian errors for the parallaxes. This effect was estimated using a
Monte Carlo simulation of errors which showed that the shift is
less than 0.5 kpc for distances up to 3 kpc. Thus, in the worse-
case scenario where all parallaxes have 33% relative errors, the
distances will be underestimated by around 20%. In addition,
spectroscopic distance were used for 45 main-sequence stars
with log(Teff)> 4.0 and S/N>10 yielding a total sample of 1529
sources. It should be noted that distances are correlated with the
Teff estimates and therefore ages since the sample is magnitude
limited.
The lower panel of Fig. 3 displays the barycentric radial ve-
locities together with their median Vmr as a function of their dis-
tance d, while the numeric values are listed in Table 2. The ve-
locity distribution contains 12 outliers with velocities |Vr−Vmr | >
3 × σ(Vmr ) = 110 km sec−1, all with positive residuals while 8
had S/N<10. They were omitted as they are unlikely to be as-
sociated with the young stellar disk population. This left 1517
stars with a median velocity of -13.2±0.7 km sec−1 and a disper-
Table 2. List of the number of sources N, mean velocity Vr, standard
deviation σ(Vr), and median velocity Vmr in km sec
−1 including their
errors in distance bins centered on d (kpc). The first section provides the
values for equal radial bins, while the second section for equal number
of sources per bin.
<d> N Vr σ(Vr) Vmr
0.55 119 -13.2± 2.7 29.3 -12.7± 3.4
1.03 313 -15.6± 1.6 28.5 -14.8± 2.0
1.48 373 -13.3± 1.2 23.9 -13.0± 1.6
1.98 240 -15.2± 1.6 24.9 -16.5± 2.0
2.51 220 -12.1± 1.6 23.9 -12.3± 2.0
2.97 133 -13.5± 2.0 23.1 -10.1± 2.5
3.47 64 -11.6± 3.5 28.2 -8.7± 4.4
3.93 29 -6.6± 6.4 34.3 -5.5± 8.0
4.75 16 -12.2± 5.0 19.9 -10.6± 6.2
0.52 100 -14.3± 3.1 30.7 -14.2± 3.8
0.81 100 -14.0± 3.0 30.3 -14.7± 3.8
1.00 100 -19.6± 2.6 25.6 -15.8± 3.2
1.15 100 -14.4± 2.7 27.3 -13.9± 3.4
1.27 100 -14.6± 2.6 25.8 -13.0± 3.2
1.38 100 -15.2± 2.5 25.2 -13.6± 3.2
1.52 100 -13.4± 2.4 23.8 -14.8± 3.0
1.67 100 -7.8± 2.3 23.1 -5.5± 2.9
1.84 100 -13.8± 2.8 27.7 -13.8± 3.5
2.02 100 -15.4± 2.0 20.0 -18.2± 2.5
2.27 100 -13.0± 2.7 27.3 -10.0± 3.4
2.50 100 -11.0± 2.3 22.6 -12.4± 2.8
2.72 100 -16.9± 2.4 24.0 -16.3± 3.0
3.03 100 -12.1± 2.2 21.6 -10.1± 2.7
3.70 100 -10.6± 3.0 29.7 -8.3± 3.7
Table 3. Parameters for the spiral potential models.
Model m i ra A4/A2 Ωb hb nb
s2ann 2 -12◦.3 5.0 0.00 - - -
s2arr 2 -12◦.3 5.0 0.00 30 4.0 4
s2arf 2 -12◦.3 5.0 0.00 40 4.0 4
s2bnn 2 -7◦.4 6.6 0.00 - - -
s2cnn 2-4 -12◦.3 5.0 0.25 - - -
s2dnn 2-4 -12◦.3 5.0 0.50 - - -
s2enn 2-4 -12◦.3 5.0 0.75 - - -
s4ann 4 -14◦.5 6.6 - - - -
s4arr 4 -14◦.5 6.6 - 30 4.0 4
s4arf 4 -14◦.5 6.6 - 40 4.0 4
sion of 26.8 km sec−1. The former is consistent with the pecu-
liar motion of the sun relative to LSR U = 11.1±0.7 km sec−1
(Schönrich et al. 2010). The dispersion is slightly higher than
that measured for the local young population (Yu & Liu 2018)
due to the variation in the average as a function of distance and
multiple-star systems. The mean radial velocities corrected to
the LSR are negative close to the sun and then increase to pos-
itive values with a maximum at around 4 kpc. The peak-to-peak
velocity variation is almost 8 km sec−1.
4. Discussion
The statistics of the velocities were computed in 0.5 kpc radial
bins in the range of 0.5–5.0 kpc containing a total of 1507 stars;
they are listed in Table 2, where the two last bins were joined
due to the small number of sources. The variation looks like
a sinusoidal function (see Fig. 4a), as expected for a density
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Fig. 4. Mean and median radial velocities relative to the sun as a func-
tion of distance d from the sun binned a) in 0.5 kpc bins, and b) in bins
with 100 sources in each. Vertical lines indicate the locations of masers
in the Sagittarius and Scutum arms.
wave perturbation (Lin & Shu 1964), with a maximum of around
4 kpc. This trend is consistent with that measured for older stars
using RAVE and Gaia DR2 data (Siebert et al. 2012; Carrillo
et al. 2018; Gaia Collaboration et al. 2018b) in the overlapping
range below a distance of 1.5 kpc in the plane. In a density wave
scenario with Perseus and Sagittarius arms as major arms, the
sun would lie in the inter-arm region with the LSR having a
lower values of its U component than that measured close to the
Sagittarius arm. There is no indication of a significant velocity
peak close to the expected distance of the Sagittarius arm (i.e.,
1.8 kpc). The mean velocity of the 608 stars within 0.5 kpc of the
arm is -14.5±1.2 kms, which is less than U =11.1±0.7 km sec−1
(Schönrich et al. 2010) at a 99% level of confidence.
A weighted fit of the median values of the radial velocities to-
ward the GC with the function Vr(d) = Av cos(2pi(d−Do)/lv)+Vo
yields an amplitude Av = 3.4±1.3 km sec−1, a maximum close to
Do = 4.0±0.6 kpc, a wavelength lv = 4.8±1.3 kpc, and a velocity
offset Vo = −11.4±1.2km sec−1. Using a function for a logarith-
mic spiral Vr(d) = Av cos(ln(((R − d)/Ro)/tv) + Vo, we obtain
Av = 3.9±1.4 km sec−1, a maximum at ln(Ro/kpc) = 1.48±0.08
with a scale tv = 0.13 ± 0.02, and an offset Vo = −10.7 ± 1.2 km
sec−1. Amplitude and phase of the velocity variation are well de-
termined; however, the wavelengths lv and tv depend critically
on the last bins and are therefore less reliable. Furthermore, the
wavelengths are likely to be underestimated due to the skewed
error distribution of distances. The relative smooth variation of
the median values as a function of radius suggests that the mass
perturbation must have existed for a significant time as it other-
wise could not have created such a regular velocity response. On
the other hand, a more transient perturbation (Grand et al. 2015;
Fig. 5. Test variable Tx for models with phases |mθm| < 30◦ for the six
models as a function of amplitude and pattern speed Ωp in km sec−1
kpc−1. The horizontal dashed line indicates the Tx level for a model
without spiral perturbations.
Baba et al. 2018) cannot be excluded on the basis of the current
data which only cover a small area of the Galactic plane.
To increase the radial resolution near the sun where the
sources density is higher, bins with an equal number of sources
were also used, as shown in Fig. 4b. This shows a general in-
crease in the median velocity as a function of distance similar
to that seen with fixed radial bins, but also two peaks at radii
1.7 kpc and 2.3 kpc. They are only marginally significant (i.e.,
at a 2–3σ level) and are reduced both if smaller or larger num-
bers of sources per bin are chosen. If they are real, they may be
associated with minor mass concentrations in the vicinity of the
Sagittarius arm. Furthermore, moving groups or stellar streams
could be the origin since the stars have similar ages due to the
distance–age correlation. The short distance between the peaks
and their narrowness make it very unlikely that they are associ-
ated with a global density wave feature in the Galactic potential
(e.g., a four-armed density wave is expected to have an inter-arm
distance of at least 3 kpc).
A simple fit of an analytic function (e.g., a sinusoidal) does
not account for possible nonlinear dynamical effects such as res-
onances. To include such nonlinear effects a grid of test-particle
simulations was computed in a fixed axisymmetric potential with
an imposed, density wave-like, spiral perturbation (Lin & Shu
1964) (see Appendix A for details). Three spiral patterns were
selected to agree with the observed locations of young sources in
the Perseus arm at 9.9 kpc, the Sagittarius arm at 6.6 kpc, or the
Scutum arm at 5.0 kpc (Reid et al. 2014; Wu et al. 2014). Two
two-armed configurations were considered, one with arms cor-
responding to Perseus and Scutum with a pitch angle i = −12◦.3
(i.e., s2a) and the other using Perseus and Sagittarius as the ma-
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Fig. 6. Maps of the best test-particle simulation, s2c, with Ωp = 20 km sec−1 kpc−1 and A2 = 40 km2 sec−2: a) relative surface density (normalized
to unity in azimuth), b) Vr = −v (i.e., positive for motion toward GC), and c) Vθ. The imposed spiral potential minima are indicated by dashed lines
jor arms with i = −7◦.4 (i.e., s2b). For the four-armed model,
a pattern going through the Perseus and Sagittarius arms with
i = −14◦.5 was selected (i.e., s4a). In addition, models with a
bar perturbation were computed with a bar mass equal to 10% of
the bulge mass and a scale length of 4 kpc. The parameters for
the models are summarized in Table 3 where m is the number
of arms, ra the location of the next inner arm, Am the amplitude
of the m-armed spiral, Ωb the bar pattern speed, while hb and nb
are the bar shape parameters. Three two-armed models with a
weaker m = 4 component were also considered to simulate the
case of a higher harmonic response (i.e., sharper arms). Pattern
speeds for the spirals were varied in the range 15–40 km sec−1
kpc−1, while amplitudes up to 200 km2 sec−2 were applied cor-
responding to a radial force perturbation relative to the axisym-
metric field of dFr≈6%. The models were integrated to a total
time of 1 and 2 Gyr to ensure that an equilibrium was reached.
The radial velocity of the simulations were calculated in a
polar coordinate system centered on the GC and with the phase
θ increasing counterclockwise with zero in the direction toward
the sun. To compare the simulations with the radial velocities
measured, they were rebinned to match the data binned in equal
radial bins (see first part of Table 2) and 2◦.8 in θ. The test variable
Tx(θ) =
∑Nbin
n=1 ([Vx(n, θ) − Vm(n) − Vo]/σ(Vm))2 was computed
where n is the radial bin, Nbin the number of bins, and x denotes
the test-particle simulation including its amplitude and pattern
speed. The value of Tx follows a χ2 distribution with Nbin − 2
degrees of freedom since the velocity offset Vo was estimated.
Acceptable models should have Tx < 9.12, which is the level
estimated for models without spiral perturbations. Furthermore,
the phase θm of the minimum Tx has to be close to zero in order
to fit the distances observed for the Sagittarius or Scutum arm.
The current distances to the arms refer to star-forming regions
(e.g., masers), which may have an offset relative to the spiral
potential minima. A phase offset of up to 30◦, calculating 360◦
between arms, is possible if the star formation is concentrated
close to a shock in the gas flowing through the spiral pertur-
bation (Roberts 1969; Yuan & Grosbøl 1981; Gittins & Clarke
2004). Thus, models with |mθm| > 30◦ should be rejected since
they would not agree with the observed positions of star-forming
regions in the arms defined by maser sources (Reid et al. 2014).
Finally, the velocity offset Vo should be consistent with the solar
peculiar motion of 11.1 km sec−1 (Schönrich et al. 2010) within
3σ. The minimum Tx(|mθp| < 30◦) values for models integrated
to 1 Gyr are shown in Fig. 5 as a function of perturbation am-
Fig. 7. Distribution of the velocity components V and W as a function
of distance d from the sun.
plitude and pattern speed where the level of pure axisymmetric
models is indicated by a dashed line. The actual values of Tx are
listed in Table C.1 together with the velocity offset Vo and the
phase of the minimum θm. The models integrated to 2 Gyr show
very similar results.
The best models with these three criteria are two-armed spi-
ral potentials with the Scutum arm as the next major, inner arm.
Minimum Tx values are found for pattern speeds Ωp ≈ 20–30 km
sec−1 kpc−1 and amplitudes A2 ≈ 50 km2 sec−2, which corre-
sponds to dFr≈1.5%. Two-armed models with an additional m=4
harmonics (i.e., s2c–s2e) have slightly smaller Tx values. This
corresponds to a slightly sharper spiral potential in azimuth. The
amplitude of this m=4 component depends on the steepness of
the velocity profile near 4 kpc which is uncertain due to the small
number of stars. Maps of relative surface density, radial velocity,
and azimuthal velocity for the best model, s2c, with Ωp = 20 km
sec−1 kpc−1 and A2 = 40 km2 sec−2 are shown in Fig. 6. This
pattern speed places the 4:1 resonance region close to the solar
radius which may explain some of the features seen in the ve-
locity field in the solar neighborhood (Gaia Collaboration et al.
2018b; Kawata et al. 2018; Antoja et al. 2018).
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Although a few models with the Sagittarius as the next major
arm (e.g., s2b and s4a) have Tx slightly smaller than a axisym-
metric model, most of these models have |mθm| > 30◦ and can
therefore be excluded. Models with an additional bar potential
did not improve the match significantly as the main effect was
a small shift of the radial velocities with no radial modulation
except for resonance effects.
With Gaia DR2 proper motions, the tangential velocities of
1498 sources in the sample can be calculated using Johnson &
Soderblom (1987) as seen in Fig. 7. The velocity component V in
the direction of the Galactic rotation shows a flat distribution out
to 2 kpc with <V> = -12.1±0.8 km sec−1. At greater distances,
a decline is seen due to the differential rotation of the Galaxy.
A small peak near 2 kpc is consistent with the radial velocity
variation, assuming a density wave perturbation (see Fig. 6c);
however, the uncertainty on the Galactic rotation curve does not
allow us to draw any conclusions. Similar variations are seen
by Gaia Collaboration et al. (2018b) and Kawata et al. (2018),
also based on the Gaia DR2. The W component perpendicular
to the Galactic plane also displayed a flat velocity distribution
with <W> = 6.8±0.5 km sec−1 to at least 2 kpc, after which a
slow decline is observed. The lack of a significant variation in
W makes it unlikely that the radial velocity changes observed
are caused by an external source (i.e., a recent encounter with a
dwarf galaxy) since such a perturber would also leave a trace in
W velocities. The latter is likely an effect of the spatial distri-
bution of the stars which are mainly located above the plane at
large distances. The average values of all three velocity compo-
nents are consistent with the solar peculiar motion relative to the
LSR as determined by Schönrich et al. (2010).
The U-V velocity distributions are shown in Fig. 8 grouped
in radial bins. The closest bins display a marginal ellipsoidal dis-
tribution with angle offset of around 30◦ from the direction to-
ward the GC, whereas the distributions at distances larger than
2.3 kpc become more circular. This may partly be due to the in-
creasing errors in V as a function of distance. The angular offset
is likely caused by the spiral perturbation which suggests that it
is dynamically important to at least a distance of 3 kpc from the
sun. Closer to the GC, interaction with the bar potential makes
predictions uncertain. Some substructures can be seen in several
bins (e.g., around 1.3 and 2.6 kpc). They may be caused by stel-
lar streams or resonances, but the statistics are not sufficient for
a detailed analysis.
5. Conclusion
The radial velocities of 1726 stars within 3◦ of the GC were
measured with the FLAMES instrument at the VLT. The final
sample consisted of 1507 sources with reliable velocities and
distances (i.e., either from Gaia DR2 or main-sequence B-stars).
The variation in the median radial velocities relative to the LSR
as a function of distance from the sun shows a slow change
from slightly negative values to a maximum close to 4 kpc. A
least-squares fit of a sinusoidal function yields a velocity ampli-
tude of 3.4±1.3 km sec−1 with a maximum at d = 4.0 ± 0.6 kpc
and a wavelength exceeding 4 kpc. This is consistent with the
Scutum–Crux arm being the next major arm inside the sun. It
should be noted that the velocity amplitude is likely to be un-
derestimated as the average position of the stars is 40 pc from
the plane. The larger number of sources close to the sun allowed
a higher radial resolution which shows marginal velocity peaks
at distances of 1.7 and 2.3 kpc. Although these peaks are in the
range of the Sagittarius arm, their narrowness suggests that they
are stellar streams near star-forming regions rather than global
Fig. 8. U-V velocity ellipsoid as a function of distance d from the sun.
density wave-like perturbations. The mean radial velocity within
0.5 kpc of the arm is less than that of the LSR at a 99% level of
confidence, which excludes it as a major, long-lived mass pertur-
bation.
A fit of an analytic function to the velocity distribution
does not account for possible nonlinear effects (e.g., resonances)
which even at a relatively small amplitude may play a role. A set
of test-particle simulations were computed in a fixed axisymmet-
ric potential with imposed spiral and bar perturbations represent-
ing spiral patterns with either the Sagittarius or Scutum arm as
the next major inner arm. The best agreement between the data
and these models was found for a two-armed pattern having the
Perseus and Scutum arms as major arms. Pattern speeds in the
range of 20–30 km sec−1 kpc−1 and amplitudes around 50 km2
sec−2 (i.e., dFr≈ 1.5%) were favored. Two-armed models with
a sharper azimuthal perturbation (i.e., with an additional m=4
harmonic term) gave slightly better fits, but depend on the shape
of the velocity variation measured near 4 kpc, which is uncertain
due to the small number of stars. The lifetime of the perturbation
cannot be determined directly from the current data.
The current data suggest that the spiral potential of the Milky
Way is two-armed with the Perseus and Scutum–Crux arms as
majors. With a velocity amplitude of 3.4 km sec−1 correspond-
ing to dFr≈1.5%, the perturbation is weak and in the linear do-
main (Grosbøl 1993). Marginal velocity peaks near the Sagittar-
ius arm may be associated with star formation in the arm, but are
too narrow to originate from a global perturbation. This favors
a view of the Sagittarius arm as a weaker inter-arm feature with
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star formation excited either by the bar (Englmaier & Gerhard
1999, 2006) or a secondary shock (Yáñez et al. 2008).
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Table A.1. Distance from GC in kpc of stellar resonances in the axisym-
metric potential as a function of pattern speed Ωp in km sec−1 kpc−1.
Ωp ILR 4:1 CR -4:1 OLR
15.0 -2.06 10.60 15.67 20.71 25.82
20.0 -1.92 7.97 11.98 15.76 19.56
30.0 -2.03 5.07 8.16 10.79 13.32
40.0 -1.95 3.45 6.11 8.25 10.20
Appendix A: Galactic potential
Although it would be preferable to compute self-gravitating test-
particle simulations, it is not currently feasible to initiate such
models so that they generate a prescribed, stable spiral pattern.
Thus, a set of test-particle simulations were calculated in a fixed
galactic potential with an imposed spiral perturbation to esti-
mate the velocity field of a stellar population with ages<2 Gyr.
The axisymmetric potential consisted of three components: 1) a
bulge with a Kuzmin potential with a total mass of 1.8 × 109 M
and a scale length of 1.0 pc, 2) an exponential disk with a central
surface density of 573.0 M pc−2 and a scale length of 2.5 pc,
and 3) a logarithmic potential for the halo with a maximum ve-
locity of 220 km sec−1 and a scale length of 2.0 kpc. This poten-
tial is consistent with the Milky Way model of Bland-Hawthorn
& Gerhard (2016) and has a rotational speed of 244 km sec−1 at
the solar radius R = 8.36 kpc (Reid et al. 2014).
Although the length of the Galactic bar is less than 5 kpc
(Bland-Hawthorn & Gerhard 2016), it may still affect the stellar
velocity field at larger distances due to its quadruple moment.
Thus, a bar potential with a pattern speed different from that of
the spiral was included. The spiral perturbation was not truncated
in the bar region which leads to an unrealistic potential in the
very inner parts of the Galaxy. This is not an issue since the
major objective of the models is to estimate the velocity field
between the sun and the Scutum arm, which must be outside the
bar region.
The models were populated with 2 × 107 test particles in the
radial range of 3.5–9.5 kpc from the GC with a uniform distri-
bution in azimuth and a radial surface density variation given
by the disk surface density. Due to the symmetry of the models,
there are twice as many effective particles. The particles were
given energies corresponding to circular orbits, while their ve-
locity dispersion followed a Gaussian distribution with a disper-
sion of 10 km sec−1. The amplitude of spiral and bar potentials
was increased linearly from zero to the specified values over the
first 0.6 Gyr, after which they were kept constant. The orbits of
the particles were integrated to an age of 1 and 2 Gyr using a
4th-order Runge-Kutta predictor-corrector method with variable
step ensuring a relative error of less than 10−6. This allows the
models to be dynamically relaxed, but still have ages comparable
to those of the stars measured.
The model of the Galactic potential Φ consists of the sum of
three part and depends on radius r, phase θ, and time t
Φ(r, θ, t) = Φ0(r) + Φs(r, θ) + Φb(r, θ, t), (A.1)
where Φ0 is the axisymmetric term; Φs is the spiral potential,
which has no time dependence since the frame of reference is
rotating with the angular speed of Ωp; and the last term Φb rep-
resents the bar potential, which may rotate with a different speed
and therefore is dependent on time.
The axisymmetric potential has three terms representing a
bulge (A.2), an exponential disk (A.3), and a halo (A.4),
Φ0(r) = −GMB/
√
(r2 − h2B) (A.2)
−2piGΣdy(I0(y)K1(y) − I1(y)K0(y)) (A.3)
+0.5V2h ln(r
2 + h2h), (A.4)
where y = 0.5r/hd and G is the gravitational constant. The bulge
was defined by its mass MB = 1.8 109 M and scale length
hB = 1.0 kpc. The exponential disk had a central surface den-
sity Σd = 573 M pc−2 and a scale length hd = 2.5 kpc where
the functions I and K are the Bessel functions. The halo had a
maximum rotational speed of Vh = 220 km sec−1 and the scale
length hh = 2 kpc.
The spiral potential is defined by
Φs(r, θ) = Asre−r/hs cos(m(ln(r/rs)/ tan(i) − θ)), (A.5)
where m is the number of arms, i is the pitch angle, and As is
the amplitude. A scale length hs = 6.0 kpc was used to ensure a
small radial variation of the radial force introduced by the spiral
relative to the axisymmetric force.
The bar potential was allowed to rotate with a different an-
gular speed Ωb compared to that of the reference frame Ωp and
had the form
Φb(r, θ, t) = AbG cos(2(θb−θ+ t(Ωb−Ωp)))/(rnb +hnbb )1/nb , (A.6)
where Ab, θb, and hb are amplitude, initial phase, and scale
length, respectively. The bar shape was determined by nb which
was set to 4 giving a relative fast decline of the potential with ra-
dius. Models with nb = 2 or 6 were also computed, but showed
no significant differences at the distances relevant for the current
data. The amplitude was fixed to 10% of the bulge mass, i.e.,
Mb = 1.8 × 108 M, while the scale length hb was set to 4 kpc.
The exact analytical shape of the bar potential is not essential for
the response at distances significant outside the bar region where
the bar quadruple moment provides the main effect.
The Hamiltonian H of the system rotating with the angular
speed Ωp is given as
H(θ, r, J, v, t) = 0.5(v2 + (J/r)2) − JΩp + Φ(r, θ, t), (A.7)
where v is the radial velocity and J the angular momentum. The
energy is only preserved for Ab = 0.
Models with pattern speeds Ωp in the range 15–40 km sec−1
kpc−1 were computed, which placed the major resonances at the
radii listed in Table A.1.
Appendix B: Catalog of radial velocities
The catalog of the observed radial velocities of stars with S/N>
10 is available through CDS1 as a FITS table with the columns
listed in Table B.1. Values for log(g) and spectroscopic dis-
tances, d-spec, are given only for main-sequence B-stars, i.e.,
log(Teff)> 4.0 and log(g) > 3.5.
Appendix C: Probabilities for models
The test variables Tx for the observed radial velocity distribution
to be taken from the distributions computed from the test-particle
simulations are listed in the Table C.1. The model name is given
1 Centre de Données astronomiques de Strasbourg: http://cds.u-
strasbg.fr
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Table B.1. Column specifications for FITS table with radial velocity
data.
Label Format Unit Remarks
Ident A10 - Source identifier
Field A6 - Field name
Fiber J - GIRAFFE fiber no.
RAdeg D deg Right Ascension J2000
DEdeg D deg Declination J2000
OBS-TIME D day MJD of mean exposure
SNR E Signal-to-noise ratio
ID-Gaia K - Gaia DR2 identifier
Gmag E mag Gaia G magnitude
ID-VVV K - VVV identifier
Kmag E mag VVV Ks MAG1AP
RVel E km sec−1 Barycentric radial velocity
RVelErr E km sec−1 Error of radial velocity
logTe E - log10 of Teff
logTeErr E - Error in log10 of Teff
logG E - log10 of surface gravity
Ak E mag Extinction in Ks
dist E kpc Adopted distance
dist-spc E kpc Spectroscopic distance
start E nm Wavelength start
step E nm Step size of spectra
spec 3056E Normalized spectrum
together with pattern speed Ωp in km sec−1 kpc−1, spiral ampli-
tude in km2 sec−2, velocity offset relative to the sun Vo in km
sec−1, phase offset θm in degrees, and the test variable Tx. Only
models with Tx < 9.12 (i.e., less than that for a pure axisym-
metric models), |Vo − 11.1| < 2.1 km sec−1, and |mθm| < 30◦ are
included.
Table C.1. List of test variables Tx for test-particle simulations with a
value less than that of an unperturbed model
Name Ωp As Vo θm Tx
s2ann 15 50 -9.4 14.1 8.52
s2ann 20 25 -11.0 165.9 8.82
s2ann 20 40 -11.0 2.8 4.39
s2ann 20 50 -11.4 8.4 3.16
s2ann 20 60 -11.0 8.4 2.63
s2ann 20 75 -10.9 14.1 4.17
s2ann 20 100 -10.7 177.2 7.49
s2ann 25 25 -11.5 177.2 6.89
s2ann 25 50 -11.5 14.1 4.02
s2ann 25 60 -11.1 11.2 2.60
s2ann 25 75 -11.1 5.6 3.09
s2ann 25 100 -11.4 2.8 7.38
s2ann 25 125 -10.8 5.6 6.49
s2ann 25 150 -10.1 2.8 9.04
s2ann 30 25 -11.7 2.8 8.44
s2ann 30 40 -11.8 8.4 6.79
s2ann 30 50 -11.6 8.4 5.73
s2ann 30 60 -12.0 14.1 7.00
s2ann 30 75 -11.4 5.6 6.05
s2ann 30 100 -11.3 14.1 3.12
s2ann 30 125 -11.4 8.4 3.55
s2ann 30 150 -12.1 5.6 3.76
s2ann 30 175 -12.2 8.4 2.96
s2cnn 20 25 -11.1 177.2 4.20
s2cnn 20 40 -11.5 11.2 1.81
s2cnn 20 50 -11.5 5.6 2.79
s2cnn 20 75 -10.5 2.8 6.91
s2cnn 25 25 -10.9 165.9 8.57
s2cnn 25 60 -11.6 168.8 6.41
s2cnn 25 75 -11.5 168.8 7.25
s2cnn 30 25 -11.6 165.9 8.56
s2cnn 30 50 -11.6 171.6 7.73
s2cnn 30 75 -12.3 165.9 6.65
s2cnn 30 100 -11.7 168.8 6.89
s2dnn 20 25 -11.3 0.0 2.37
s2dnn 20 50 -10.7 0.0 5.86
s2dnn 20 60 -10.1 5.6 6.91
s2dnn 25 25 -11.0 165.9 7.01
s2dnn 25 40 -11.6 171.6 8.02
s2dnn 25 50 -12.2 174.4 7.07
s2dnn 30 25 -11.8 165.9 7.30
s2dnn 30 40 -12.3 165.9 4.77
s2dnn 30 50 -11.7 174.4 7.13
s2enn 20 25 -11.7 0.0 7.06
s2enn 20 40 -10.5 8.4 3.39
s2enn 30 25 -11.9 168.8 5.54
s2enn 30 40 -12.7 165.9 4.45
s2enn 30 50 -12.8 168.8 4.58
s4ann 15 50 -11.6 84.4 8.01
Article number, page 10 of 10
